In this work, we prepared an ideal Cu/DNA/n-InP biopolymer-inorganic Schottky sandwich device formed by coating a nInP semiconductor wafer with a biopolymer DNA. The Cu/DNA/n-InP contact showed a good rectifying behavior. The ideality factor value of 1.08 and the barrier height (Φ b ) value of 0.70 eV for the Cu/DNA/n-InP device were determined from the forward bias I-V characteristics. It was seen that the Φ b value of 0.70 eV obtained for the Cu/DNA/n-InP contact was significantly larger than the value of 0.48 eV of conventional Cu/n-InP Schottky diodes. Modification of the interfacial potential barrier of Cu/n-InP diode was achieved using a thin interlayer of DNA biopolymer. This was attributed to the fact that DNA biopolymer interlayer increased the effective barrier height by influencing the space charge region of InP.
Introduction
Organic materials have intensively been investigated due to their wide range of applications in electronics technology. For example, many devices using polymeric [1] [2] [3] [4] [5] [6] [7] and nonpolymeric organic materials [8] [9] [10] [11] [12] [13] [14] [15] , including light emitting diodes and devices, such as an inorganic/organic and a metal/organic heterostructures, have been fabricated. Attractive features of these materials offer the possibility for device processing, compatibility with flexible substrates, and low materials consumption for ultra thin molecular films, all of which give the prospect of cheaper photovoltaic energy generation [16] . Large-scale production is easier than in case of inorganic materials. The greatest feature of organic materials is that they can be tuned chemically, in order to adjust separately the band gap, valence and conduction band energies, charge transport as well as the solubility or other structural properties [16] . Owing to their stability and barrier height (BH) enhancement properties, nonpolymeric organic compounds have been * E-mail: omergullu@gmail.com employed particularly in electronic devices [11, [17] [18] [19] . Forrest et al. [17, 20] and Antohe et al. [21] obtained metal-insulator-semiconductor (MIS) contacts by sublimation of nonpolymeric organic thin films on a semiconductor substrate and subsequent evaporation of different metals. Afterwards, they measured the ideality factor and the BH. Aydin et al. [19] obtained MIS contacts by deposition of a β-carotene solution on the top of Si substrate, and after evaporation of the solution, measured the ideality factor and the BH. Kilicoglu et al. [11] obtained MIS contacts by deposition of a methyl red solution on the top of Si substrate, and measured the ideality factor and the BH. They showed that these contacts for nonpolymeric thin films, formed at metal/semiconductor interface, had rectification properties and enhanced the BH [22] .
InP is one of the most promising semiconducting materials for microwave and optoelectronic devices. However, low barrier height and high leakage current of InP Schottky diodes, owing to surface Fermi level pinning, have made it difficult to realise InP-based devices. One method for enhancing the effective Schottky barrier height is to form 594ÖMER GÜLLÜ et al.
a tunnel MIS structure [23] . Another method is to release the surface Fermi level pinning and use a high work function metal [24] . Assuming that the surface Fermi level pinning is caused by high surface state density, passivation technology is needed to reduce the surface states of InP. To fabricate MIS Schottky diodes with an enhanced barrier height, it is useful to develop an in situ process in which surface passivation and insulating film deposition are carried out successively [25] .
It is believed that DNA could be a good material to fabricate organic semiconductor devices, such as solar cells and MIS diodes [26] . So the need to develop even smaller electronic devices may eventually lead us to the domain of DNA electronics. In fact, DNA offers a solution to many of the hurdles that need to be overcome. It is the best nanowire ever obtained, and it is able to self-assemble, self-replicate and adopt various states and conformations. The most important property of DNA for a biomolecular engineer is its ability to self-assemble, which makes it possible to produce nanostructures with a precision that is not achievable with classical silicon-based technologies. Furthermore, it is cheap, as the cost of DNA is just a few US cents [27] . Recently, there have been attempts in the literature to experimentally and theoretically demonstrate the conducting behaviors of DNA molecules and direct electrical conductivity measurements were used in these studies [28] [29] [30] [31] [32] [33] . Still, there is a lack of knowledge and debates about the exact charge transport mechanism [28, 34] . As has been recently shown in the relevant literature [29, 30, [34] [35] [36] , DNA molecules could function as nano-sized semiconductor materials or non-semiconductor materials, or as insulator or metal [37] . The most recent [38] argues that DNA is an insulator, or at least a wide band gap semiconductor and exhibits nonlinear I-V (current-voltage) characteristics [39] . In this study, we have fabricated a DNA-based organic-on-inorganic (OI) Schottky device by solution processing method. By considering the electrical properties of the device we have evaluated the effects of DNA insulator interlayer on a conventional metal/semiconductor.
Our aim was to study the suitability of organic-on-inorganic semiconductor contact barrier diodes and possibility for their use in barrier modification of InP metal-semiconductor (MS) diodes.
Experimental

Chemical cleaning and ohmic contact formation
In this study, an organic/inorganic semiconductor device was prepared using one-side polished (as received from the manufacturer) n-type InP wafer. The wafer was chemically cleaned with 3H 2 SO 4 +H 2 O 2 +H 2 O (20 s boiling). The native oxide on the front surface of n-InP was removed in a HF:H 2 O (1:10) solution and finally the wafer was rinsed in deionized (DI) water for 30 s. Before forming DNA layer on n-InP substrate, the ohmic contact was made by evaporating indium metal on the back of the substrate, followed by a temperature treatment at 350°C for 60 s in N 2 atmosphere.
Deposition of DNA film and top contact metallization
After the cleaning procedures and ohmic contact metallization, the DNA film was directly formed by adding 10 µL of DNA solution in water on the front surface of the n-InP wafer, and dried naturally by evaporating the solvent in N 2 atmosphere for one day. Here, we selected an amount of 10 µL of the DNA solution by considering and testing various factors that could affect a given DNA film thickness and homogeneity, depending on the solution concentration and substrate area. The quality of organic thin films should be also related to other factors, such as the film-forming ability, the molecular symmetry and structure [40] . The contacting top metal dots with a diameter of 1.0 mm were formed by evaporation of Cu. We also fabricated Cu/n-InP reference diode without the organic layer to compare its parameters with the electrical parameters of the Cu/DNA/n-InP (MIS) device. All evaporation processes were carried out in a vacuum coating unit at about 10 −3 Pa.
Electrical measurements
Current-voltage (I-V) measurement was carried out using a Keithley 487 picoammeter/voltage source at room temperature and in dark conditions (Fig. 1) . 3. Results and discussion 3.1. Electrical properties of the Cu/DNA/n-InP structure According to the thermionic emission (TE) theory, the forward bias I-V characteristics of Schottky contacts for qV 3kT can be expressed as [41, 42] :
where V is the voltage drop across the Schottky barrier, n is the ideality factor and I 0 is the saturation current determined by:
where A is the diode area, A * is the effective Richardson constant, k is Boltzmann constant, T is the temperature, Φ b is the barrier height and q is the electron charge. n is a measure of conformity of the diode to pure thermionic emission and it is determined from the slope of the straight line region of the forward bias ln I-V characteristics through the relation:
In the usual analysis of experimental data on Schottky contacts, the barrier height is determined from the current axis intercept of the linear regions of the forward bias I-V plots. However, this is an apparent barrier height Φ b when an interfacial layer is present. The effective or apparent barrier height Φ b is given by: Fig. 2 . Current-voltage characteristics of the Cu/DNA/n-InP MIS diode and Cu/n-InP reference diode. Fig. 2 shows the experimental semi-log I-V characteristics of the reference (Cu/n-InP) and the Cu/DNA/n-InP Schottky device at room temperature. As clearly seen from Fig. 2 , the Cu/DNA/nInP Schottky structure shows a good rectifying property. The weak voltage dependence of the reverse-bias current and the exponential increase of the forward-bias current are characteristic properties of rectifying interfaces. The current curve in forward bias quickly becomes dominated by a series resistance from contact wires or bulk resistance of the organic semiconductor and inorganic semiconductor, giving rise to the curvature at high current in the semi-log I-V plot. The figure indicates that the reverse current is reduced by more than two orders of magnitude compared with the case of Schottky junction without DNA interlayer. By thermionic emission (TE) theory [41, 42] , the ideality factor n and BH (Φ b ) can be obtained from the slope and the current axis intercept of the linear regions of the forward bias I-V plots, respectively.
The values of the BH and the ideality factor for the Cu/DNA/n-InP diode have been calculated as 0.70 eV and 1.08, respectively. The ideality factor determined by the image-force effect alone should be close to 1.01 or 1.02 [43] [44] [45] . Our data clearly indicate that the diode has the ideality factor which agrees well with this value. Higher values of ideality factors are attributed to secondary mechanisms which include interface dipoles due to interface doping or specific interface structure as well as fabrication-induced defects at the interface [43] [44] [45] [46] . According to Tung et al. [45] , the high values of n can also be attributed to the presence of a wide distribution of low-SBH patches caused by lateral barrier inhomogeneity. Also, the image-force effect, recombination-generation, and tunneling may be possible mechanisms that could lead to an ideality factor value greater than unity [41] .
Φ b value of 0.70 eV that we have obtained for the Cu/DNA/n-InP MIS device due to DNA biopolymer layer is remarkably higher than those achieved with conventional metal/semiconductor contacts, such as Cu/n-InP reference diode, where Φ b is 0.46 eV. This may be ascribed to DNA interlayer modifying the effective barrier height by influencing the space charge region of the inorganic InP substrate [14] . Thereby, it is known that the DNA film forms a physical barrier between the metal and InP inorganic substrate, preventing the metal from directly contacting the InP surface. The DNA organic interlayer appears to cause a significant modification of interface states even though the organic-inorganic interface becomes abrupt and unreactive [14, 47] . Thus, the change in barrier height can qualitatively be explained by an interface dipole induced by the organic layer passivation [12, 15] . Kampen et al. [12] have observed by photoemission spectroscopy investigations that the sulphur passivation reduces the surface band bending on n-type doped GaAs, whereas the band bending on the surfaces of p-type doped GaAs increases. Zahn et al. [13, 48] showed that in ultraviolet photoemission spectroscopy (UPS), electron affinities of substrates can be systematically varied with a known band gap to create an energy offset between the conduction band minimum of n-doped inorganic semiconductors and the lowest unoccupied molecular orbital (LUMO) of organic molecular films at the interfaces. Furthermore, van Meirhaeghe et al. [49] reported that passivation by hydrogen directly reduced the barrier height on nGaAs and increased p-type one.
It is well known that the downward concave curvature of the forward bias current-voltage plots at sufficiently large voltages is caused by the effect of series resistance (R s ), apart from the interface states, which are in equilibrium with the semiconductor [50] . The R s values have been calculated using a method developed by Cheung and Cheung [51] , which has been used in practice in [52, 53] . According to Cheung and Cheung, the forward bias I-V characteristics taking into account the TE of a Schottky diode with the series resistance can be expressed as:
where IR S term is the voltage drop across the series resistance of the device. The values of the series resistance can be determined from following expressions using equation 5:
where H(I) is given as follows:
A plot of It is observed that there is a higher difference between the value of n obtained from the forward-bias ln I-V plot and that obtained from the dV/d(lnI)-I curve. This can be attributed to the existence of a series resistance and interface states and to the voltage drop across the insulator interfacial layer (native oxide plus DNA biopolymer layer) [51] . Another explanation for the high series resistance of Cu/DNA/n-InP MIS diode involves the influence of the bias voltage drop across the DNA insulator layer [53] . Besides, H(I) vs. I plot has to be linear according to Turut et al. [51] . The slope of this plot gives a different value of R S . Using the value of the n obtained from equation 6, the value of Φ b is obtained from the y-axis intercept. H(I) vs. I curve is shown in Fig. 3 . From H(I) vs. I plot, Φ b and R S have been calculated as 0.66 eV and 300.0 Ω, respectively.
Norde proposed an alternative method to determine the value of series resistance. The following function has been defined in the modified Norde's method [54] :
where γ is an integer (dimensionless) greater than n, I(V) is a current obtained from the I-V curve and β is a temperature-dependent value calculated with β = q kT . Once the minimum of the F vs. V plot is determined, the value of barrier height can be obtained from equation 10, where F(V 0 ) is the minimum point of F(V) and V 0 is the corresponding voltage: Fig. 4 shows the F(V)-V plot of the junction. From Norde's functions, R s value can be determined as:
From the F-V plot, using F(V 0 ) = 0.62 V and V 0 = 0.26 V values, the values of Φ b and R s of the Cu/DNA/n-InP structure have been determined as 0.73 eV and 640.0 Ω, respectively. There are small differences in the values of Φ b obtained from the forward bias ln I-V, Cheung functions and Norde functions. The small differences in the barrier height values for the device, obtained by these three methods may be attributed to the extraction of the forward bias current-voltage plot from different regions [55] . However, the value of the series resistance obtained from Norde functions is higher than that obtained from Cheung functions. Cheung 598ÖMER GÜLLÜ et al.
functions are only applied to the nonlinear region existing at high voltages of the forward bias ln I-V characteristics, while Norde's functions are applied to the full forward bias region of the ln I-V characteristics of the junctions [55] . The value of series resistance may also be high for the higher ideality factor values. After all, the value of series resistance is very high for this device. This indicates that the series resistance is a currentlimiting factor for this structure. The effect of series resistance is usually modeled with a series combination of a diode and a resistance R s . The voltage drop across a diode is expressed in terms of the total voltage drop across the diode and the resistance R s . The very high series resistance behavior may be ascribed to the decrease in the exponentially increasing rate of current due to space-charge injection into the DNA thin film at higher forward bias voltage [55] . Furthermore, Norde's model may not be a suitable method, especially for rectifying junctions with a high ideality factor, which is not consistent with pure thermionic emission theory. Therefore, the series resistance value from Norde functions can be much higher than that one from Cheung model for especially non-ideal rectifying structures [55, 56] .
3.2.
Interfacial properties of the Cu/DNA/n-InP MIS structure For a metal/semiconductor diode having interface states in equilibrium with the semiconductor, the ideality factor n becomes greater than unity as proposed by Card and Rhoderick [57] and then interface state density N ss is given by:
where w is the space charge width, ε s is the permittivity of the semiconductor, ε i is the permittivity of the interfacial layer, δ is the thickness of organic layer, and n(V) = V (kT/q) ln(I/I 0 ) is a voltagedependent ideality factor. In n-type semiconductors, the energy of the interface states E ss with respect to the bottom of the conduction band at the surface of the semiconductor is given by:
where V is the voltage drop across the depletion layer and Φ b is the effective barrier height. The energy distribution or density distribution curves of the interface states can be determined from experimental data of this region of forward bias I-V plot. Substituting the voltage dependent values of n and the other parameters in equation 12, the N ss vs. E c -E ss plot was obtained as shown in Fig. 5 . It is seen that for the structure the interface state density N ss has an exponential rise with bias from the midgap towards the top of the conduction band. In this structure the deposition of DNA on the inorganic semiconductor can generate a large number of interface states at the semiconductor surface that strongly influence the properties of the device. When this structure is considered as a Schottky diode, the diode comprises a high-resistivity layer (depletion layer) in series with a low-resistivity layer, which has its own capacitance and resistance.
The chemical interaction at the interface of DNA and the n-InP, may give rise to new interface states similar to the other oxide-organic interface states. 
Conclusion
In conclusion, we have studied the electrical characteristics of Cu/DNA/n-InP MIS Schottky structures formed by evaporation of an organic material solution directly from a n-InP substrate. It has been observed that the DNA thin film on the n-InP substrate has shown a good rectifying behavior. The barrier height and ideality factor of the device have been calculated from the I-V characteristics. We have studied the suitability of organic-oninorganic semiconductor diodes for the use in barrier modification of InP MS diodes. In addition, we have compared the parameters of the Cu/DNA/nInP MIS Schottky diodes with those of conventional MS diodes. We have observed that the Φ b value of 0.70 eV obtained for the Cu/DNA/n-InP MIS device is significantly larger than the BH value of a conventional Cu/n-InP MS contact. Thus, the modification of the interfacial potential barrier for metal/InP diodes has been achieved using the DNA biopolymer interlayer. This has been attributed to the fact that the DNA interlayer increases the effective Φ b by influencing the space charge region of InP.
